A push-push transformer-based oscillator (TBO) adopting a power leakage suppression technique has been proposed. The proposed technique reduces the power loss due to unwanted leakage path without additional DC power consumption, hence improving the output power and DC-to-RF efficiency. The measured output power of the proposed single core oscillator is −4.5 dBm at 270 GHz with 2.1% DC-to-RF efficiency.
Introduction
Recently, terahertz (THz) technologies have been actively studied because of their potential for various applications. The characteristic of THz signal to be able to penetrate non-conducting material allows enclosed object imaging [1, 2] , which makes it suitable for security application [3, 4] . THz imaging also emerges as a new feasible medical modality for a wide range of biomedical applications from dentistry, dermatology and oncology to neurology and physiology [5] [6] [7] [8] [9] [10] [11] . High absorption characteristic of THz signal into water can also be utilized to detect the water content of an object [12, 13] . Many different types of toxic gas molecules exhibit vibrational resonance at frequencies between 200 and 300 GHz [14, 15] . THz signals can be used for material (gas) ingredient identifications and concentration measurement [16] [17] [18] [19] . THz radiation is also utilized for near-field imaging application which produces high-resolution images [20] . Recently, a fully integrated 550 GHz near-field sensor is also reported with lateral resolution of 8 µm [21] . Even though with all these potential applications, one big obstacle for THz technology is the lack of compact signal source with high output power and high DC-to-RF efficiency.
Compound semiconductor technology is one of the candidate technologies for THz source development due to its high maximum oscillation frequency ( f max ) property. Gunn Diodes based THz oscillator have been reported in [22] [23] [24] [25] . However, these oscillators are only capable to generate output power less than −9 dBm with lower than 0.05% of DC-to-RF efficiency. Performance improvement is achieved by the Resonant Tunnelling Diodes (RTD) based THz oscillators reported in [26] [27] [28] [29] [30] , which are able to generate up to 0 dBm of output power. Even so, the DC-to-RF efficiency of the reported RTD based THz oscillators are still less than 0.6%. Figure 1 shows the schematic of the conventional push-push TBO reported in [37] . The operation of a push-push TBO can be described as follow. At the resonant frequency f o , transistors M 1 and M 2 provide an amplification while also providing a 180 • phase shift. As shown in Figure 1a , the f o signal at the gate of M 1 is amplified, while its phase is also shifted by 180 • . The resulting f o signal is then induced to the secondary coil (L g1 ) of the transformer. Further amplification and 180 • phase shifting process of the f o signal are then provided by M 2 . Finally, the f o signal is then induced to the secondary coil (L g2 ) of the transformer. As shown in Figure 1a , the induced signal at L g2 has the same phase as the signal at the gate of M 1 , however it has larger amplitude. The f o signal will then experience the same process repeatedly so that its amplitude grows larger and larger until the oscillator reaches its saturation condition. As the result, at the steady-state condition, the oscillator is able to maintain the oscillation with an oscillation frequency of f o as shown in Figure 1b . During its steady-state condition, as shown in Figure 1b , the signals at the drain terminal of M 1 and M 2 have the same amplitude, and so do the signals at the gate terminal of M 1 and M 2 . However, as shown in Figure 1b , the signals at the gate terminal of M 1 and M 2 are out-of-phase (have a 180 • phase difference), and so do the signals at the gate terminal of M 1 and M 2 . Due to the non-linear characteristic of the transistors (M 1 and M 2 ), the drain current components at harmonic frequencies of f o are generated, including the one at 2 f o (2nd harmonic frequency) which is modelled by ideal current sources I 2 f o in Figure 1b . As the f o signals of M 1 and M 2 have 180 • phase difference, the phase of I 2 f o generated by M 1 and M 2 are the same (in-phase). As the result, the 2 f o signals at the drain terminal of M 1 and M 2 are also in-phase, and so do the 2 f o signals at the gate terminal of M 1 and M 2 . Finally, a portion of the I 2 f o generated by M 1 and M 2 will then flow to the output terminal and then dissipated by the load R L . The output power of a push-push TBO is determined by how much portion of I 2 f o is delivered to the output terminal. The larger the portion of I 2 f o delivered to the output terminal leads to higher output power. However, as will be explained later, the conventional push-push TBO reported in [37] suffers from an unwanted power leakage path, which reduces the portion of I 2 f o delivered to the output terminal, and degrades the overall push-push TBO output power. Therefore, a design technique to suppress the power leakage in a push-push TBO is needed so that its output power can be improved. Figure 2 shows the conventional [37] and proposed push-push TBO. In the proposed push-push TBO shown in Figure 2b , the center-tap (CT) nodes between the primary and secondary ports (node A and B) are left unconnected, whereas those of the conventional push-push TBO are connected, as shown in Figure 2a . Owing to the differential mode operation at the fundamental frequency ( f o ), the nodes A and B of both oscillators act as a virtual ground. As a result, when M 1 , M 2 , L d , L g , k and L gs of both oscillators are identical, the operating conditions for the negative conductance and the oscillation frequency at f o are identical. However, for the common-mode operation at the 2nd harmonic frequency (2 f o ), the operating mechanism is different.
In Figure 2 , the power at 2 f o is generated by M 1 and M 2 , and it is transferred to the load R L through the inductor L d . In the conventional push-push TBO shown in Figure 2a , node A is connected to B at 2 f o , and through this path, the 2 f o power flowing out from the drain terminals of M 1 and M 2 is leaked to the gate terminals of M 1 and M 2 . As a result, the overall oscillator output power is degraded because not all of the 2 f o power from the drain terminals of M 1 and M 2 can be delivered to R L . In contrast to the conventional push-push TBO, in the proposed push-push TBO, node A and B are disconnected. As a result, to the common-mode 2 f o current coming from M 1 and M 2 , the secondary port of the transformer presents an open condition. Therefore, there is no current flow through L g . Thereby, the magnetic coupling between L d and L g at 2 f o is also terminated, such that the gate terminals are completely isolated from the drain terminals, eliminating the 2 f o power leakage path to the gate terminals of M 1 and M 2 and improving the output power of proposed push-push TBO. For the better understanding, Figure 3 shows a general model of push-push TBO that includes the CT impedance Z c , and its transformation into equivalent half-circuit at 2 f o . In Figure 3 , Z c is connected between CT nodes of primary and secondary inductors of L d and L g . As shown in Figure 3a , the 2 f o signals at the drain terminal of M 1 and M 2 are in-phase (have the same phase), and so do the 2 f o signals at the gate terminal of M 1 and M 2 . As the result, the general model shown in Figure 3a can be simplified into the equivalent circuit model shown in Figure 3b . Finally, making use of the symmetric property in a push-push TBO, an equivalent half-circuit model shown in Figure 3c is used to simplify the analysis of push-push TBO behaviour at 2 f o operation. Let us assume that the transformer is lossless. Figure 4 shows the equivalent circuit for the MOSFET and the push-push TBO at 2 f o . In Figure 4b , where the non-quasi static MOSFET model [38] is adopted, the model parameters are given by
where Z g , Z d , g gs , b gs , b o and b f are defined as
assuming b gs 1/(ωL gs ). In Figure 4b , b out is the equivalent output susceptance of push-push TBO. From Figure 4b , and assuming that the push-push TBO output is perfectly matched, the total output power of the push-push TBO is given by
R e f f = 1 g ds + ηg me + η 2 g gse . In Figure 4 , the generated 2nd harmonic current (I 2 f o ) is mainly related to the operation at fundamental frequency ( f o ), especially the voltage swing at drain (v d, f o ) and gate (v g, f o ) terminals of the transistor. Figure 5 shows the simulated behaviours of v d, f o , v g, f o and I 2 f o as a function of CT impedance (Z c ) from the push-push TBO shown in Figure 3 . In Figure 3 , due to the differential-mode operation of the TBO at the fundamental frequency f o , the CT impedance Z c has no effect on v d, f o , v g, f o , and therefore I 2 f o as well as can be seen in Figure 5 . However, unlike I 2 f o , R e f f is affected by Z c as shown in (9) , and so does the output power. From (9) , the effect of g ds on R e f f is independent of η, whereas g me and g gse are dependent on η. From (1), since η has an inversely proportional dependence on Z c , higher Z c leads to increase in R e f f . Therefore, the higher Z c leads to the higher output power in the push-push TBO shown in Figure 3a . Table 1 with the small-signal parameters of the transistor extracted from the circuit simulator (Cadence Virtuoso). As can be seen in Figure 6 , the calculated R e f f agrees well with the simulation result. In Figure 6 from the simulation result, R e f f increases by 40% when Z c increases from 0.1 Ω to 10 kΩ, indicating the corresponding amount of increase in output power of proposed push-push TBO in comparison with conventional push-push TBO. Figure 7 shows the CT impedance (Z c ) as a function of frequency for the proposed and conventional TBOs shown in Figure 1 , and Figure 8 shows the corresponding output powers and DC-to-RF efficiencies as a function of the supply voltage (V DD = V G ) at 270 GHz. Figures 7 and 8 are obtained from the circuit simulator with design parameters shown in Table 1 . In Figure 7 , the finite values of Z c (∼266 Ω) in the proposed TBO is induced by the unwanted capacitive coupling between the primary and secondary coils of the transformer. Nonetheless, Z c = 266 Ω helps to suppress the power leakage which leads to approximately 1 dB to 1.5 dB higher output power while achieving 0.3 to 0.6% higher DC-to-RF efficiency compared to those of the conventional push-push TBO (Figure 8) . 
Oscillator Implementation and Measurement
As a verification of the proposed power leakage suppression technique, a proposed TBO shown in Figure 2b is implemented in a 65-nm CMOS technology with 2 f o being 240 GHz. The transformers L d and L g are implemented using the top aluminium (Al) layer (metal 10), whereas inductors L gs are implemented using the ultra-thick metal layer (metal 9). The chip photograph of the proposed oscillator is shown in Figure 9 , which occupies a total area of 0.46 × 0.20 mm 2 including bias and output pads. Figure 10 shows the experimental setup to measure the output frequency spectrum and output power of the proposed oscillator. For the frequency spectrum measurement, a M03HWD sub-harmonic mixer (conversion loss ∼75 dB), which down converts the TBO output signal to the GHz range of IF frequency, is used as a frequency extension kit of R&S FSW26 spectrum analyzer. For accurate power measurements, the TBO output power is measured using a PM5 power meter. The total power loss of the output power measurement setup is 4.1 dB, which consists of the power losses coming from the RF probe (2.7 dB), waveguide (WG) bend (1 dB) and waveguide taper (0.4 dB). Figure 11 shows the output frequency spectrum measured at 1.0 V and 1.2 V of V G and V DD , respectively. Over the V G range of 0.7 V to 1.0 V, the measured output frequency varies from 269 GHz to 275 GHz. Due to high conversion loss of the sub-harmonic mixer, the IF signal power is too low to measure the phase noise. Figure 12 shows the measured output power and DC-to-RF efficiency as a function of V DD for V G = 0.8 V, 0.9 V and 1.0 V. Over the ranges of V G and V DD variation, the measured output and DC power vary from −13.1 to −4.5 dBm and 5.8 mW to 17.3 mW, respectively. The proposed oscillator generates the maximum output power of −4.5 dBm at V G = 1.0 V while drawing 14.4 mA of DC current from V DD = 1.2 V, which corresponds to the DC-to-RF efficiency of 2.1%. Compared to the conventional push-push TBO reported in [37] , the proposed oscillator achieves 0.3 dB higher output power while consuming 20% lower DC power, hence improving the DC-to-RF efficiency by more than 0.6%.
Due to model inaccuracy of the active and passive components for the operating frequency above 100 GHz, the proposed oscillator operates at around 30 GHz higher than that of the conventional TBO reported in [37] . Moreover, the proposed oscillator consumes less than 20% less DC power compared to the conventional TBO reported in [37] . Therefore, the measured output power of the proposed oscillator (which has 2 f o = 270 GHz) seems to have only 0.3 dB higher than that of the conventional TBO (which has 2 f o = 239 GHz). However, the proposed oscillator is expected to have ∼1 dB higher output power when its DC power consumption is increased from 17.3 mW to 22 mW, which is the same DC power consumed by the conventional TBO in [37] . Moreover, the simulation result in Figure 13 shows that the 30 GHz difference in operating frequency causes ∼0.5 dB difference in the simulated output power of the proposed oscillator. Therefore, the proposed oscillator is expected to achieve ∼1.5 dB improvement of output power compared to the conventional TBO at the same DC power and operating frequency, which is well match with the simulation results of Figure 8 . Table 2 summarizes the performance of the proposed oscillator in comparison with other state-of-the-art oscillators at comparable frequencies. The proposed oscillator shows the best performance in terms of output power and DC-to-RF efficiency which are implemented in the same technology, while operating at higher frequency. 
Conclusions
This paper analyzed and identified power leakage in a push-push TBO, and proposed a solution to reduce the power loss by the unwanted leakage path without requiring additional DC power consumption. By adopting the proposed technique, the TBO generates higher power than the conventional push-push TBO reported in [37] while operating at 30 GHz higher frequency, and consuming lower DC power, hence achieving higher DC-to-RF efficiency. Implemented in 65-nm CMOS, the measured results of the proposed single core TBO shows an output power of −4.5 dBm at 270 GHz with 2.1% DC-to-RF efficiency. The implemented TBO thus verifies the effectiveness of the proposed power leakage suppression technique to improve the output power and DC-to-RF efficiency. 
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